Injuries to muscle in the elite athlete are common and may be responsible for prolonged periods of loss of competitive activity. The implications for the athlete, his/her coach and team may be catastrophic if the injury occurs at a critical time in the athlete's diary. Imaging now plays a crucial role in diagnosis, prognostication and management of athletes with muscle injuries. This article discusses the methods available to clinicians and radiologists that are used to assess skeletal muscle injury. The spectrum of muscle injuries sustained in the elite athlete population is both discussed and illustrated.
INTRODUCTION
Muscle injuries occur frequently in athletic dogs and athletes [1] . Traditional therapies, such as non-steroidal anti-inflammatory administration, rest, antioxidant therapy and physical therapy have generally not been helpful in preventing fibrosis and permanent muscle contracture, which leads to functional impairment. Similar findings occur in human medicine in that similar suggested treatments for muscle injury are generally not sufficient to enhance muscle regeneration and prevent fibrosis [2] .
Depending on their severity, muscle strains may be categorized into three grades [1] : Grade 1 is a mild strain with damage to individual muscle fibers with no hematoma formation; Grade 2 is a more extensive tear, with increased muscle fiber involvement, with no complete rupture [3] , localized swelling and heat and slight lameness; and Grade 3 is a complete rupture of a muscle with major disruption of the muscle fibers and hematoma formation, palpable disruption, and significant pain [1] .
Inflammation, the hallmark of acutely injured muscle [4], initiates a rapid invasion of the muscle by inflammatory cell populations that can persist for days to weeks. The inflammation phase is followed, and partially coexists with the muscle repair, regeneration, and growth phases. Neutrophils migrate to injured muscle followed by macrophages that remove damaged myofibers [5] and secrete factors that are chemotactic for muscle precursor cells [6] . Macrophages have also been implicated in muscle damage via the release of nitric oxide and through promotion of membrane damage in non-diseased muscle [4] . Although new muscle fibers regenerate after injury, the healing progress is very slow and can lead to fibrosis and functional impairment [6] .
Biological approaches to enhance muscle regeneration and prevent fibrosis are being investigated in animal models and human medicine [6] . Because of the lack of therapeutic options that decrease fibrosis, significant efforts are being made to improve the current treatment of skeletal muscle injury using a regenerative medicine approach [2] . Matziolus et al. demonstrated that autologous bone marrow-derived cells enhance muscle strength following skeletal muscle crush injury in rats [7] . The same group later reported that rats with severe skeletal muscle injury treated with mesenchymal stem cells responded in a dose dependent manner with an increasing logarithmic response in muscle contractile force as the dose of MSCs was increased [8] . Muscle derived stem cells used in skeletal muscle injury in mice promote angiogenesis and decrease fibrosis [9] . Merritt and colleagues used MSCseeded extracellular matrix (ECM) to treat skeletal muscle injury in rats. This group demonstrated that the implanted MSC-seeded ECM had more blood vessels and regenerating skeletal myofibers than the ECM without cells (p < 0.05). There is ample literature to support the use of adult stem cells in the treatment of muscle injury.
Adipose-derived stem cells (ADSC) have been the fo-cus of recent reviews [10] and studies [9, [11] [12] [13] . Autologous ADSCs have been used in veterinary medicine since 2003. However, there are no reports to our knowledge of treatment with ADSCs or other stem cells, in dogs with muscle injury. Two working, male German shepherd dogs presented for acute semitendinosus muscle injuries in one or both hind limbs. The surgeon confirmed the clinical diagnosis of muscle tear using ultrasound. At that time, approximately 60 grams of fat was harvested from the falciform ligament in each, and the ADSC (stromal vascular fraction) extracted by Vet-Stem, Inc. (Poway, CA) [11] . Forty-eight hours later, the dogs were placed under anesthesia and the ADSC aliquot was injected with a 22 gauge needle by digital palpation directly into the muscle, both intralesional and paralesional, and intravenously. Follow-up ultrasound evaluations were performed six to ten weeks after stem cell therapy. Muscle biopsy was not performed because of potential increased morbidity in a clinical case. New needle biopsy techniques might be considered in the future. MRI was not available in this practice. Outcome measurements for the case reports included owner assessments (visual assessment of dog's improvement in affected tasks) and surgeon assessments (flexibility and agility from normal to very severe) before and at end of treatment period, and the ability of the dog to return to work.
CASE REPORTS
Cris, a four-year-old male German shepherd police dog, became suddenly lame while training. Five days later, the owner reported that the dog's lameness had improved but that the dog's gait remained abnormal. Cris presented at that time bearing less weight on the left rear limb with a slight circumduction gait. On palpation, the distal two-thirds of the left semitendinosus muscle was swollen at the mid belly region with a palpable dimple. Sonography revealed poorly defined hypoechoic region in the distal two-thirds of the left semitendinosus muscle 8.1 mm wide × 30.8 mm long. These findings are compatible with a focal tear in the left semitendinosus muscle with an area of central hemorrhage and/or edema consistent with a grade 3 tear (Figure 1) . No abnormalities were seen in the right semitendinosus muscle. At that time, the surgeon prescribed Previcox (227 mg 5 days/ week) and antioxidant therapy (Niacinamide, 50 mg/day; Sam-E, 225 mg/day; Vitamin E, 200 IU/day; 3V Caps, 1 cap/day; and Omega Mint, 1/day) and the dog was prescribed cage rest for two weeks.
After two weeks, Cris had not responded to traditional therapy and the owner elected to treat with stem cells. After fat collection and stem cell isolation as previously described [11] , the surgeon injected approximately 4.7 million ADSCs into the muscle injury site. Approximately 4.7 million cells were injected intravenously (IV). Antioxidant therapy was continued. Cris was walked each day for one month then began light training. Sonographic examination at 82 days post injection revealed significant reduction in lesion size, 11 mm wide × 15 mm long (Figure 2(a)-pre, (b)-post) and an increased number of fibers coursing through this area that appeared organized and oriented in the same plane as the normal muscle. Clinically the dog was normal with no lameness or gait abnormalities. On the owner evaluation, Cris improved from moderately affected before therapy to normal within 19 weeks after therapy. The surgeon's evaluation of Cris revealed him to have severely affected flexibility and moderately affected agility before therapy that improved to normal 19 weeks after the stem cell injection. Telephone conversation 21 months post injection reveals that he was in service and completely normal.
Jago, an eight-year-old male German shepherd police dog, was injured during a suspect apprehension and presented seven days after injury with moderate to severe lameness and semitendinosus tenderness and swelling. Both rear limbs were affected. He was diagnosed clinically and sonographically with a grade 2.5 acute on chronic injury to his right semitendinosus muscle as demonstrated by ultrasound (Figure 2(a) -pre) and a grade 1 acute on chronic injury to his left semitendinosus muscle (not shown). The right muscle was about 30 percent enlarged on palpation and the dog had a circumduction gait in the right rear limb. The left muscle had no palpable enlargement, was not tender to palpation, and he had no gait abnormality, but had a history of stiffness. Jago was treated with 7.5 million ADSC in each muscle lesion and administered 3.8 million cells IV. He underwent physical therapy and antioxidant therapy, and was prescribed deracoxib (37.5 mg SID). Jago underwent one month of a progressively increased walking regimen prior to resuming light training at 105 days. Twenty-two (22) weeks after injection Jago was markedly improved. His surgeon scores for agility and flexibility improved from severely affected to mildly affected. His owner evaluations were markedly improved. Jago competed in a two-day police dog competition and placed second in protection and third place in obedience 22 weeks post ADSC injection.
DISCUSSION
The beneficial effects of ADSC therapy in muscle injury are likely explained by the local secretion of cytokines and growth factors [14] [15] [16] . Natsu et al. treated skeletal muscle laceration with bone marrow-derived MSCs, and the muscle improved functionally without evidence of fusion or differentiation of the injected cells suggesting that mechanisms other than differentiation were responsible for the benefit seen [16] . ADSCs are also immunomodulatory, which may play a therapeutic role [17, 18] .
CONCLUSION
ADSC therapy enhanced muscle healing and prevented fibrosis in these clinical cases, similar to the reported literature in laboratory animals. The dogs returned to their previous training and occupations with a functional gait and no lameness. This is the first report of using stem cells in dogs to treat skeletal muscle injury. Further controlled clinical trials are necessary for the complete evaluation of the therapeutic benefit of ADSC therapy in canine muscle injuries.
